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1. Introduction
 
Stenting, a minimally invasive procedure to open the 
blocked arteries and restore blood flow, has gained popu-
larity among cardiologists [1]. However, nearly one-third of 
stented patients require further intervention within 6 months 
to treat the reclosure of the lumen, i.e. restenosis [2,3]. Con-
siderable strains on the vessel wall imposed by the stent 
have been linked to proliferation of smooth muscle cells, 
leading to restenosis [4–7]. Our previous numerical work has 
demonstrated a positive correlation between stent induced 
arterial strain or stress parameters with the reported reste-
nosis rates [8]. Timmins et al. [9] also related the circumfer-
ential stress on the inner surface of artery to the neointimal 
thickness through porcine models. However, the existing 
quantifications of the strain or stress field on the artery are 
mainly obtained through numerical modeling. The experi-
mental characterization of the stent-induced arterial strains 
is lacking. Squire et al. [10] performed the in-vitro strain mea-
surement for stented bovine artery using one CCD camera. 
The x- and y-displacements of 40 reference points on the ar-
tery were captured during stent expansion and the strains 
were calculated using triads of reference points. Patel et al. 
[11] also measured the two-dimensional vascular strain in-
duced by in-vitro balloon angioplasty using the ultrasound 
speckle tracking method. Horny et al. [12] conducted a pre-
liminary study on evaluating the in-vitro deformation of hu-
man coronary artery induced by stent expansion using the 
digital image correlation (DIC) method; however, the com-
parison between separate experiments or between experi-
ment and computational model was not performed.
In this work, two PALMAZ Genesis Transhepatic Biliary 
stents (PG5910B, Cordis Corporation, Warren, NJ) were im-
planted inside an artery analogue. The resulted three-dimen-
sional deformations on the artery were captured and eval-
uated by a surface strain measurement system using two 
high-speed CCD cameras. In addition, a computational model 
has been developed to recapture the in-vitro stenting proce-
dure. The validated computational model could be used to 
gather additional information inside the arterial wall where 
experimental methods are not effective. Thorough under-
standing of the stent–artery interactions that govern the arte-
rial response is essential to further improve the stent design 
and lead to new insights into the mechanism of restenosis.
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Abstract 
It is well acknowledged that stent implantation causes abnormal stretch and strains on the arterial wall, which 
contribute to the formation and progression of restenosis. However, the experimental characterization of the 
strain field on the stented vessel is scant. In this work, the balloon-expandable stent implantation inside an ar-
tery analogue was captured through two high-speed CCD cameras. The surface strain maps on the stented tube 
were quantified with a 3-D digital image correlation technique. The strain history at one specific reference point 
illustrated three stenting phases, including balloon inflation, pressurization and deflation. The surface strain 
distributions along one axial path were obtained at various time points to demonstrate the stent–vessel interac-
tions. The radial wall thickness reduction history was used to evaluate the pressure–diameter relationship for 
the balloon. Results indicated that the expansion process of the balloon was significantly altered by the external 
loadings from both the stent and artery analogue. In addition, the repeatability of the stenting experiments was 
demonstrated through two tests with a change of 5% in the stent-induced maximum first principal strain. More-
over, a computational model of the stenting procedure was developed to recapture the stenting experiments. 
Comparison between experiments and simulation showed a difference of 7.17% in the first principal strain av-
eraged over the high strain area. This indicated the validation of the computational framework, which can be 
used to investigate the strain or stress field throughout the computational domain, a feature that is not affected 
by experimental techniques.
Keywords: Balloon-expandable stent, digital image correlation, finite element method, surface strain measurement
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2. Materials and methods 
2.1. Experimental set-up and procedure 
An amber natural latex tube (Primeline Industries, Akron, 
OH) with an inner diameter of 6.32 mm, wall thickness of 
1.55 mm and length of 170 mm was adopted to mimic a sec-
tion of straight artery. Both ends of the latex tube were fixed 
onto two barbed hose connectors. A stochastic pattern of 
paint was sprayed on the outer surface of the tube to serve as 
reference points for digital image analysis. Two stereoscopi-
cally positioned high-speed cameras (up to 500 K frames s−1) 
were used to take continuous pictures of all reference points 
(Figure 1). After all pictures were captured, the commercial 
3-D image photogrammetry codes, ARAMIS (GOM mbH, 
Braunschweig, Germany), was used to analyze the deforma-
tion of the stented vessel. The analysis began by processing 
the first stereo pair of pictures, which describe the sample 
in its undeformed state. Each picture was divided into over-
lapping square or rectangular regions, i.e. facets. The start 
points were defined in the initial pair of pictures, with which 
the corresponding facets throughout them were found. Then 
the three-dimensional displacements over the deforming 
surface were calculated by matching corresponding facets in 
each successive picture across two cameras [13]. A detailed 
operational procedure of this measurement system can be 
found in our previous work [14]. 
The Z-MED IITM balloon dilatation catheter (B. Braun Med-
ical Inc., Bethlehem, PA) was used to deliver the stent to the 
targeted location (Figure 2). A PG5910B stent with a profile of 
0.2 mm in strut thickness, 3.8 mm in inner diameter and 59 mm 
in length was originally crimped onto the balloon at the tip of 
the catheter. The catheter was connected to the balloon inflation 
device (B. Braun Medical Inc.) and the syringe via a 3-way stop-
cock to dilate the balloon as well as the stent on it. 
During each test, the balloon catheter along with crimped 
stent was advanced to the centre of the latex tube. Then the 
inflation device infused water into the balloon to expand the 
stent. Following the manufacturer’s specification, the balloon 
catheter pressure was slowly increased to 6 atm, held for 30 s 
and then decreased to 0 atm. At the end, the balloon was de-
flated and withdrawn along with the catheter from the ves-
sel. The stent recoiled back and stayed in place to support 
the vessel. The deformation of vessel was captured at 0.5 
frames s−1. The surface strain map was obtained for every 
frame, which was also named as strain stage. The interval 
between two strain stages lasted 2 s. This stenting procedure 
was repeated twice in two latex tube sections.
2.2. Finite element simulation to reproduce the stenting 
experiment 
The deployment of the PG5910B stent inside a latex tube 
was simulated to capture the in-vitro stenting test described 
above. Figure 3 shows the spatial relation between the 
crimped PG5910B stent and the latex tube before the expan-
sion process. The crimped stent includes 16 repeating units 
along the axial direction and 11 units along the circumfer-
ential direction. The model was created using the plug-in 
‘WrapMesh’ in Abaqus (Dassault Systèmes Simulia Corp., 
Providence, RI) to transform the planar configuration of the 
stent into the cylindrical shape. It was then meshed with 
35 665 three-node triangular shell elements (S3R). The la-
tex tube was modeled as a uniform hollow cylinder meshed 
with 18 000 reduced-integration eight-node brick elements 
(C3D8R). A mesh convergence study was carried out to 
guarantee a solution independent of the adopted mesh size. 
Uniaxial tension tests were conducted on latex tube spec-
imens to obtain its material properties in the axial and cir-
cumferential directions, as shown in Figure 4. It is clear that 
the latex tube material exhibits isotropic non-linear hyper-
elastic behavior. A reduced 3rd-order polynomial constitu-
tive equation, as shown below, was used to fit the experi-
mental data. 
U = C10(I1 – 3)1 + C20(I1 – 3)2 + C30(I1 – 3)3
where Ci0  are material coefficients determined from the ex-
perimental data, while I1 is the first invariant of the Cauchy-
Green tensor in terms of principal stretch ratios λi as 
I1 = λ
2
1 + λ
2
2 + λ
2
3
The detailed description of fitting experimental data to 
the material model above can be found in our previous work 
[15]. The obtained material coefficients are C10 = 0.32588 MPa, 
C20 = −0.04572 MPa and C30 = 0.01174 MPa. The stent is made 
of 316L stainless steel with Young’s modulus E = 190 GPa; 
Figure 2. The stent delivery system, including inflation device (a), 
the syringe (b), the 3-way stopcock (c) and balloon catheter with 
crimped stent at its tip (d).Figure 1. Experimental set-up with zoom view of the latex tube 
painted with stochastic pattern.
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Poisson ratio ν = 0.3; and Yield stress σY  = 207 MPa. The bal-
loon expansion was driven by applying uniform radial dis-
placement onto the inner surface of the balloon until the 
outer diameter of the latex tube reached the measured diam-
eter of the stented latex tube. Both ends of the latex tube were 
fixed to capture the experimental conditions. Both ends of the 
stent were constrained with the rotational DOFs around ra-
dial and circumferential directions. The frictionless tangential 
contact behavior was used for all surface interactions, which 
are enforced based on the penalty method [16,17]. A typical 
simulation required ~14 h running in-parallel with all eight 
processors on a Dell T3500 workstation.
3. Results and discussions
3.1. Surface strain measurement on the outer surface of the 
stented artery analogue 
During the in-vitro tests, the balloon pressure was increased 
up to 6 atm (expansion), held for 30 s (pressurization) and 
then decreased to 0 atm (recoil). This led to three distinct 
stages of arterial strain history, including its expansion, pres-
surization and recoil process, as shown in Figure 5. Figure 5(b) 
was created by tracking a single reference point, labeled as 
‘R’ in Figure 5(a), over the duration of a single test. The first 
principal strain was then plotted over time. During the expan-
sion phase, the arterial strain gradually increased to the peak 
value. The strain relaxed a little during the pressurization pe-
riod. With the quicker release of balloon pressure, the artery 
recoiled back at a faster pace than that of the expansion phase. 
At the end, the equilibrium between the stretched latex tube 
and the scaffolding stent was gradually established after the 
withdrawal of the balloon catheter from the latex tube. In ad-
dition to the strain history of one single point, the strain com-
ponents, including first principal strain, axial and circumfer-
ential strain, along the axial path ‘DP’, as shown in Figure 
5(a), were used to demonstrate the stent–artery interactions at 
four specific timepoints, referred to as ta to td. 
Time point ‘ta’ represents the end-point of the initial flat 
region of the first principal strain history, as indicated in Fig-
ure 5. It was recorded after 76.6 s when the inflation pres-
sure was ~2.39  atm. At this time, the stent was not expanded 
enough to come into contact with the inner wall of the latex 
tube. Both the circumferential and axial strain components 
were minimal at this stage, as shown in Figure 6(a). This 
might be due to the environmental noise [10], which was val-
idated by undertaking a zero-strain test and the magnitude 
of first principal strain reached 0.155%. At the 78.6 s point (tb) 
when the inflation pressure was ~2.45  atm, the distal end of 
the stent began to come into contact with the inner surface 
of the latex tube and an abrupt increase in the strain magni-
tude in the distal region of the stent was observed, as shown 
in Figure 6(b). At this point, the value of maximum first prin-
cipal strain was 0.73%, which is 5.6-times greater than the 
maximum strain measured 2 s earlier. At the 183 s point (tc) 
the peak first principal strain of 66% was observed, as shown 
in Figure 6(c), when the balloon pressure was increased to 
6 atm. The length of the artery analogue with higher strain 
value is 40.56 mm, which is close to the balloon length of 
40 mm. This indicates that the artery is fully in contact with 
both the stent and balloon. It is worth noting that the two 
peak first principal strains of 66% and 47% were located at 
Figure 3. Three-dimensional model of the PG5910B biliary stent inside the latex tube.
Figure 4. Uniaxial tension test results of the latex tube.
Figure 5. (a) The first principal strain distribution on the outer sur-
face of latex tube at the time point of tc, (b) the first principal strain 
history of the reference point ‘R’ during the stenting procedure.
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the two ends of the axial path. This might be explained by 
the non-uniform expansion of the balloon catheter. It is also 
interesting to observe that the first principal strain and cir-
cumferential strain have almost the same magnitude, indi-
cating the circumferential strain is the dominant mode after 
the complete contact between stent and artery. After the bal-
loon was deflated and withdrawn from the artery, the equi-
librium between plastic deformation of stent and spring back 
load of the latex tube was achieved after 298 s (td). The dis-
tribution of strain components along the path ‘DP’ is shown 
in Figure 6(d), where the first principal strain magnitude de-
creased from a value of 66% to a value of 10.8%, which is the 
strain obtained after 183 s. This excessive recoil is due to the 
stiffer latex material compared to the native artery. 
3.2. Radial deformation measurement 
The radial deformation in terms of thickness reduction, 
which was calculated from first and second principal strains, 
was also obtained. The temporal variation of the thickness 
reduction for the reference point ‘R’ is plotted in Figure 7(a), 
while the spatial variation of the thickness reduction along 
the axial path ‘DP’ was plotted at time point tc, as shown in 
Figure 7(b). It is clear that both the temporal and spatial dis-
tribution of the thickness reduction exhibit similar trends as 
the first principal strain. This could be explained by the con-
sistent volume theory. The reduction in the wall thickness 
in response to the stent-induced surface deformation is to 
maintain a constant volume for the artery analogue. 
3.3. Pressure–diameter relationship of the balloon 
The diameter of the expanded artery analogue was also ob-
tained through the cylinder fitting function in the ARAMIS 
system. The history of the outer diameter of the latex tube at 
the reference point ‘R’ is depicted in Figure 8. It exhibited a 
similar trend as its first principal strain history. This diame-
ter history was used to estimate the diameter of balloon by 
subtracting both the thickness reduction in Figure 7(a) and 
stent thickness of 0.2 mm. Then the pressure-diameter curve 
for the balloon could be obtained and compared to the nom-
inal expansion data provided by the manufacturer, as de-
picted in Figure 9. It is clear that the experimentally obtained 
balloon expansion history has a distinctly different path 
than the one provided by the manufacturer, although both 
of these paths reached plateau at the final stage. The differ-
ence could be due to the external loading conditions since 
the nominal data is usually tested in the air, which is not the 
case in the stenting operations. This indicated that the ex-
pansion behavior of the balloon was dramatically altered by 
the external loading environments, such as the stent and la-
tex tube in our case. Results also implied that careful con-
sideration of the lesion loadings is necessary to enhance the 
stenting outcomes. 
Figure 6. The strain distribution along the axial path DP at time points (a) ta = 76.6 s, (b) tb = 78.6 s, (c) tc = 183 s and (d) td = 298 s.
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3.4. Finite element model validation 
The surface strain distributions from two experimental stent-
ing tests demonstrated repeatable distributions, as shown in 
Figure 10, where the first principal strain distribution along 
the axial path ‘DP’ of the stented latex surface is plotted at 
time after 298 s. The maximum first principal strain in both 
tests was measured as 9.45% and 9.95%. The relative change 
between these maximum strain values is ~5%. The average 
strain on the portion of the axial path where higher strain oc-
curred due to stent expansion, as highlighted in red in Fig-
ure 10, was 8.18% and 8.83% for the two tests, respectively. 
The relative change between these two average strain val-
ues is ~7%. The length of the stented area, measured as the 
length of the aforementioned highlighted higher strain por-
tion of the axial path, was 40.56 mm and 41.94 mm, respec-
tively. The difference could be due to the mismatch of axial 
path between the two tests. The opaqueness of the painted 
latex tube prevents identification of the same surface path, 
i.e. the exact area of contact with the expanded stent. The 
small difference of strain value between these tests suggests 
good repeatability of the experiment. 
Further quantitative measures of the relationship be-
tween stent deign and arterial mechanics can be enhanced 
with use of an FE model, which was developed to reproduce 
the stenting experiments. The obtained results were com-
pared to experimental measurements and a good agreement 
was observed, as shown in Figure 10. It is clear that the sim-
ulated strain profile along the axial path was symmetric and 
relatively uniform. The maximum first principal strain found 
in the simulation was reported as 8.39%, which is 1.31% less 
than the averaged peak first principal strain value from the 
experiment of 9.70%. The average value of the aforemen-
tioned averaged higher strain in two experiments was 8.51%; 
while it was calculated as 7.90% based on the red portion 
Figure 7. (a) The temporal variation of thickness reduction for the reference point ‘R’; (b) the thickness reduction along the axial path ‘DP’ 
captured at 183 s (tc).
Figure 8. The outer diameter history of the stented latex tube.
Figure 9. The pressure–diameter relationship of the balloon.
Figure 10. Comparisons of the stent-induced first principal strain 
profiles.
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of the first principal strain–distance curve from the simula-
tion result. The relative error between the averaged strain 
value from the two experiments (8.51%) and the strain value 
from simulation (7.90%) is calculated as 7.17%, which is ac-
ceptable for most engineering applications. This validated 
our computational framework for further stenting investiga-
tions. Once the computational model was validated, it pro-
vides the virtual platform for testing a wide variety of condi-
tions including clinical settings.
3.5. Strain and stress parameter within the arterial wall 
The strain or stress field on the internal surface of the ar-
tery has been studied previously due to the direct contact 
surface between the stent and artery [8,10]. However, it is 
not easily measured by optical measurements on the exte-
rior surface. The computational model can be used to inves-
tigate the strain or stress field anywhere within the compu-
tational domain [8,18,19], a feature that is not affected by 
experimental techniques.
The comparison of the first principal strain and Von Mises 
stress between the inner and outer surface of the stented la-
tex tube are plotted in Figure 11(a) and (b), respectively. It is 
clear that the inner surface exhibited a relative larger mag-
nitude and variation of both wall strain and stress than the 
outer surface. This indicates that the strut structure has a 
more significant influence on the strain or stress field on the 
inner surface. This was consistent with clinical studies [20], 
which demonstrated that the stent expansion-induced large 
strains on intimal surface of stenotic vessel might be the de-
terminant of in-stent restenosis. The validated computational 
model in this work could provide more insight about the 
stent–artery interaction, which will in turn facilitate the de-
velopment of new stent designs. 
4. Conclusions
In this work an in-vitro stenting procedure in an artery an-
alogue was captured by two high-speed CCD cameras. The 
variation of surface strain and changes in thickness in both 
temporal and spatial domain were quantified using a 3-D 
digital image correlation technique, which provides better 
understanding of the artery deformation during stent ex-
pansion. Two tests were conducted and the small relative 
change in measured strain indicates the repeatability of ex-
periments. A computational model was developed to recap-
ture the stenting experiment. The agreement between the 
experimental results and the computational results led to 
the validation of the computational framework, within this 
particular experimental context. The experiment-validated 
computational framework can then be used to estimate the 
stent–artery interactions under various conditions includ-
ing clinical settings. To better mimic the physiological condi-
tions, future stenting tests will be conducted inside a porcine 
artery immersed in a 37 °C saline bath with blood analogue 
circulated inside and the anisotropic material model of the 
artery wall will be adopted. The viscoelasticity of the artery 
will also be considered when defining its mechanical prop-
erties. The displacement boundary condition was used to 
expand the balloon in this work, while the pressure-driven 
folded balloon model might provide more details about bal-
loon–stent interaction and will be incorporated in our future 
works. The computational results could be further used to 
correlate with the cellular response and tissue re-modeling 
following the stent implantation [21].
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